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Severe acute respiratory syndrome 
coronavirus 2 (SARS- CoV-2), the virus 
responsible for COVID-19, has so far 
infected more than 190 million people 
and caused death of more than 4.1 million 
people worldwide. The virus primarily 
infects the respiratory tract, causing 
fever, sore throat, anosmia and dyspnoea, 
but its tissue tropism still remains to be 
fully understood. As many as 10–15% 
of patients develop severe pneumonia, 
with some cases progressing to hypoxia 
and acute respiratory distress syndrome 
(ARDS), which requires mechanical 
ventilation in a critical care setting and has 
high mortality. Patients can also develop 
multi- organ failure, acute kidney injury and 
disseminated intravascular coagulation, 
among a host of other disorders1–11. Aside 
from supportive care, only a few treatments 
have been approved for COVID-19, and 
their reduction of mortality has been 
limited12–14. Although several vaccines 
against SARS- CoV-2 have been approved 
and are being administered internationally, 
there will still be a significant number of 
infections owing to people who are not 
vaccinated in regions with inadequate access 
or acceptance of vaccination. In addition, 

based on RNA sequencing, often of thawed 
cells, and infected, activated or dying cells do 
not survive freeze–thaw well, which could 
skew results. Moreover, inflammasome 
activation does not directly induce tran-
scriptional responses, and its detection is 
less straightforward than that of most other 
signalling pathways. Nonetheless, several 
studies are now accumulating that support 
direct (infection- induced) and indirect 
inflammasome activation and the critical 
role of inflammasomes in severe COVID-19.  
Here we discuss the available evidence, 
potential mechanisms and the implications 
for therapy.

Inflammasomes

Key to inflammation and innate immunity, 
inflammasomes are large, micrometre- 
scale multiprotein cytosolic complexes  
that assemble in response to pathogen- 
associated molecular patterns (PAMPs) 
or damage-associated molecular patterns 
(DAMPs) and trigger proinflammatory 
cytokine release as well as pyroptosis,  
a proinflammatory lytic cell death30,31 (Fig. 1). 
Upon activation by PAMPs or DAMPs, 
canonical inflammasome sensors — mainly 
in monocytes, macrophages and barrier 
epithelial cells — oligomerize and recruit 
the adaptor apoptosis- associated speck- like 
protein containing a CARD (ASC) to 
form inflammasome specks, within which 
the inflammatory caspase 1 is recruited 
and activated. Inflammasome sensors are 
activated in response to different triggers 
and differ in their overall specificities 
to PAMPs or DAMPs. NLRP3, the most 
broadly activated inflammasome sensor 
and a member of the nucleotide- binding 
domain- and leucine- rich repeat- containing 
protein (NLR) family, responds to an array 
of insults to the cell that cause cytosolic 
K+ efflux, Ca2+ cytosolic influx or release 
of mitochondrial reactive oxygen species 
(ROS)31,32. These insults include extracel-
lular ATP, membrane permeabilization by 
pore- forming toxins and large extracellular 
aggregates such as uric acid crystals, choles-
terol crystals and amyloids30. Other sensors, 
such as AIM2 and NLRC4, are tuned to 
recognize specific PAMPs and DAMPs, 
such as cytosolic double- stranded DNA 
and bacterial proteins, respectively31. In a 
parallel pathway, the mouse inflammatory 

while global vaccination efforts strive to 
meet the challenge of ending the pandemic, 
the appearance of immune- evasive viral 
variants and the unlikelihood of reaching 
immediate herd immunity underscore the 
continued need for additional treatments 
mitigating disease progression15–19.

Most researchers agree that an inappro-
priate hyperinflammatory response  
lies at the root of many severe cases of 
COVID-19, driven by overexuberant 
inflammatory cytokine release. Consistently, 
co-morbidities, such as obesity, diabetes, 
heart disease, hypertension and ageing, 
which are prognostic of poor outcome, 
are associated with high basal inflam-
mation7,11,20,21. It has been proposed since 
the beginning of the pandemic that these 
co- morbidities and the ensuing hyper-
inflammatory response may be aetiologically 
linked through overactive inflammasome 
signalling, which may account for the asso-
ciation of these co- morbidities with severe 
COVID-19 in the context of chronic inflam-
mation as well as for COVID-19 progression 
in the context of a robust acute inflamma-
tory response to infection22–29. However, 
many of the studies that seek to understand 
the immune response to SARS- CoV-2 are 
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caspase 11 and human caspase 4 and 
caspase 5 sense PAMPs and DAMPs such as 
bacterial lipopolysaccharide (LPS) that gain 
cytosolic access and endogenous oxidized 
phospholipids, leading directly to mem-
brane damage or pyroptosis, and secondary 
K+ efflux followed by noncanonical NLRP3 
inflammasome activation33–36.

itself into cell and organelle membranes to 
form sizable pores37–41. These pores are large 
enough to directly release IL-1β and ΙL-18, 
strong pleiotropic inducers of downstream 
immune responses, as well as various 
alarmins, such as ATP and high mobility 
group protein B1 (HMGB1). Pyroptosis 
occurs when the plasma membrane is 

Upon activation, caspase 1 processes 
pro-IL-1β and pro- ΙL-18 into their functional 
cytokine forms, and all inflammatory caspases 
cleave the pyroptotic executor protein 
gasdermin D (GSDMD) into amino-terminal 
and carboxy- terminal fragments. The 
GSDMD amino- terminal fragment binds 
to acidic lipids, oligomerizes and inserts 
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Fig. 1 | Virus-intrinsic and host-intrinsic mechanisms of inflammasome 

activation. Virus intrinsic mechanisms (red arrows): severe acute respira-

tory syndrome coronavirus 2 (SARS- CoV-2) virions enter epithelial cells via 

angiotensin- converting enzyme 2 (ACE2) and can enter monocytes by 

binding to anti- spike antibodies followed by Fc receptor for IgG (FcγR)- 

mediated internalization. Upon translation of the viral genome, the viro-

porins ORF3a and E can trigger K+ efflux or Ca2+ influx to promote NLRP3 

activation. Viral N protein can bind directly to NLRP3, resulting in its acti-

vation. Host- intrinsic mechanisms (blue arrows): oxidation of lung sur-

factant phospholipids results in oxidized phospholipids (oxPLs), which  

can activate caspase 4 and/or caspase 5 to promote noncanonical  

inflam masome activation. Complement products such as C5a can activate 

NLRP3 by promoting accumulation of reactive oxygen species (ROS).  

ATP released by dead cells binds to P2X7 receptor, which causes K+ efflux 

and NLRP3 activation. Dead cells, bacterial co- infection or damaged mito-

chondria can result in cytosolic double- stranded DNA (dsDNA), which 

activates the AIM2 inflammasome. NLRP3 and AIM2 inflammasome assem-

bly activates caspase 1, which cleaves full- length (FL) gasdermin D 

(GSDMD) into amino- terminal (NT) and carboxy- terminal (CT) fragments. 

The GSDMD NT fragment binds to the plasma membrane, oligomerizes 

and inserts itself as a pore. Caspase 1 also cleaves pro- IL-1β and pro- IL-18 

into their mature forms, which are released through the GSDMD pore. 

IL-1β can activate macrophages to secrete additional proinflammatory 

cytokines such as IL-6. Pyroptosis results after further membrane damage, 

which releases lactate dehydrogenase (LDH) and is associated with  

the formation of tissue factor- enriched extracellular vesicles (EVs). CRP, 

C-reactive protein; ERGIC, endoplasmic reticulum–Golgi intermediate 

compartment; TNF, tumour necrosis factor.
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compromised, resulting in the release of 
larger alarmins such as lactate dehydrogenase 
(LDH) tetramer (144 kDa), which is a 
feature pathognomonic for pyroptosis and 
other necrotic cell deaths that cause cell 
membranes to rupture42–44. Although plasma 
membrane rupture during pyroptosis was 
originally thought to be a passive mechanism 
driven by oncotic pressure and osmotic 
lysis following GSDMD pore formation, 
a recent discovery reveals that it is an active 
process that depends on ninjurin 1, a small 
transmembrane protein that oligomerizes 
following GSDMD activation44.

The regime of inflammasome activation 
followed by pyroptotic cell death can differ 
depending on cell type and stimulus. For 
example, in response to oxidized phospho-
lipids produced in inflamed lung tissue, the 
IL-1 family cytokines IL-1β and IL-18 can be 
secreted continuously without pyroptotic cell 
death, a phenomenon called ‘hyperactivation’ 
that has been observed in macrophages, den-
dritic cells and neutrophils33,42,43. Sustained 
IL-1β and IL-18 production in surviving  
cells enhances proinflammatory cytokine 
release and may contribute to macrophage 
activation syndrome42.

Demonstration of inflammasome 

activation

LDH release and pyroptosis. Early suggestions 
of inflammasome activation in COVID-19  
came from studies that revealed serum 
LDH concentration as the strongest single 
predictor among multiple serum factors 
of severe disease regardless of the criteria 
(acute physiology and chronic health 
evaluation II (APACHE II) mortality 
prediction score, sequential organ failure 
assessment score or pneumonia severity 
index)45 (Fig. 1). This correlation was later 
validated in other patient cohorts46–52.

Elevated LDH concentration is a 
general indicator of tissue damage, which 
is supported by widespread cell death 
observed among monocytes, alveolar 
epithelial cells and endothelial cells of the 
lungs and kidneys53,54. All of these cell types 
are competent to activate inflammasomes 
and undergo pyroptosis55–57. Interestingly, 
monocytes from patients with COVID-19 
showed no increase in staining for annexin V, 
yet about ~10% took up small dyes, a sign 
of disrupted plasma membranes, which is 
a pattern indicative of pyroptosis or other 
forms of programmed necrosis58.

Inflammasome- directed cytokine profile. 

Extensive characterization of serum 
cytokines in COVID-19 has highlighted 
an overabundance of chemokines such as 

lavage fluid (BALF) — a readout more 
reflective of the lung microenvironment 
with massive monocyte, macrophage 
and neutrophil infiltration — showed a 
significant IL-1β level increase in patients 
with moderate to severe COVID-19 
(reFs73,74). Post- mortem histological sections 
from lung parenchyma also showed broadly 
elevated staining of IL-1β compared with 
control sections75,76, although one study 
attributed the elevated IL-1β staining to 
processing by caspase 8 and release by 
necroptosis rather than by inflammasome 
activation75. Interestingly, apoptotic caspases 
such as caspase 3 or caspase 8 can convert 
immunologically silent apoptotic cell death 
to immunogenic pyroptosis involving 
cytokine release by cleaving and activating 
gasdermin E (GSDME) and GSDMD, 
respectively77–80.

Detection of inflammasome specks and 

GSDMD amino- terminal processing and 

release. Recently, direct evidence of inflam-
masome activation in COVID-19 was 
provided by multiple studies that showed 
SARS- CoV-2 infection (detected by the 
presence of SARS- CoV-2 nucleocapsid 
protein or double- stranded RNA), inflam-
masome activation and pyroptosis in about 
10% of blood monocytes from patients, 
but the percentage differs between patients 
and studies52,58,65,81. Most of these infected 
monocytes displayed a characteristic inflam-
masome speck, which stained for NLRP3, 
ASC and active caspase 1, and was accompa-
nied by punctate relocalization of GSDMD 
to the membrane and pyroptotic cellular 
morphology52,58. Cleaved GSDMD was also 
detected in lung tissue sections as well as in 
BALF and plasma of patients with COVID-19,  
suggesting active pore formation and sub-
sequent release of GSDMD fragments by 
pyroptotic cells58,76. Thus, pyroptotic mono-
cytes fully activate all inflammasome path-
way components. Interestingly, one preprint 
shows that monocytes harboured specks that 
were positive for both NLRP3 and AIM2 
and thus activated multiple inflammasome 
sensors simultaneously58, a phenomenon 
that has been observed but is incompletely 
understood82. The involvement of AIM2 is 
also unexpected given its characterization 
as a double- stranded DNA sensor; however, 
AIM2 has been shown to participate in the 
lung injury and death caused by another 
RNA virus, influenza virus83. Secondary 
infection by bacteria is common in respira-
tory viral infections and is implicated in 
COVID-19. Plasma samples from patients 
with severe COVID-19 contain LPS and 
bacterial DNA; LPS boosts the activation 

CXC- chemokine ligand 8 (CXCL8; also 
known as IL-8) and proinflammatory 
cytokines such as IL-6 and tumour necrosis 
factor (TNF) throughout the disease 
course59–61. This proinflammatory cytokine 
response is accompanied by serum markers 
of inflammation such as the IL-6- inducible 
hepatic factors C- reactive protein and 
ferritin, and the associated elevation of the 
concentration of the coagulation product 
D- dimer, which are all associated with poor 
prognosis62,63. These cytokines are common 
serum markers of severe inflammation that 
can be strongly induced by acute- phase 
IL-1β (Fig. 1), which is also consistent with 
the previously recognized role of IL-1β 
in IL-6 production64. However, they are 
not pathognomonic for inflammasome 
activation and can be induced by other 
inflammatory pathways, including those 
stimulated by nuclear factor- κB. Support for 
the hypothesis that IL-1β acts as a pleiotropic 
proinflammatory cytokine to unleash the 
inflammatory response is provided by 
the in vitro observation that exogenous IL-1 
receptor antagonist (IL-1RA) completely 
abolishes IL-6 and TNF secretion in SARS- 
CoV-2- infected primary monocytes65. 
Another strong indication of inflammasome 
activation in COVID-19 is the fact that 
IL-18, the processing and secretion of 
which depend on inflammasome and 
GSDMD activation, is associated with severe 
COVID-19 and has emerged as a highly 
predictive biomarker of death52,58,61,66,67.

Direct measurements of serum IL-1β 
concentration have been more equivocal. 
An initial report on a small cohort of 
patients exposed in the Wuhan Huanan 
Seafood Market, the site of putative early 
SARS- CoV-2 transmission, measured 
markedly increased serum IL-1β and 
IL-1RA levels compared with levels in 
healthy adults8. However, IL-1β level was 
not shown to be further elevated in severe 
versus moderate cases, and concurrent 
studies differed in measuring a statistically 
significant increase in serum IL-1β 
level58–61,68,69. This is perhaps not surprising 
given the extremely short half- life of 
IL-1β68,70, which is often not detected in 
other diseases in humans that are clearly 
driven by IL-1 (reFs71,72). Because of this 
problem, plasma levels of IL-1RA are often 
used as a surrogate for elevated IL-1β 
levels, and the level of IL-1β- inducible 
IL-1RA is consistently associated with 
severe COVID-19 (reFs61,66,67). Moreover, 
the immunopathological activity of IL-1β 
in COVID-19 could also be restricted to 
local secretion and paracrine signalling20,59,70. 
Indeed, measurements in bronchoalveolar 
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triggers a nuclear factor- κB response to 
increase transcription of pro- IL-1β, which 
can occur in myeloid cells recruited to 
the lung28. Single- cell RNA sequencing 
studies of patients with severe COVID-19 
detected expanded peripheral CD14+IL-1β+ 
monocytes/macrophages and increased 
IL1B- expressing monocyte/macrophage 
populations in BALF, which also express 
IL-1- inducible chemokines69,73,98–100. 
Thus, cytokine release and subsequent 
immune cell recruitment can be serially 
repeated through positive feedback 
loops, culminating in the formation of 
a hyperinflammatory microenvironment 
carrying a high burden of cytokine- secreting 
monocytes and neutrophils associated with 
severe disease. This dramatic immune cell 
infiltration and cytokine release in lung 
tissue is a hallmark of ARDS and is thought 
to contribute to severe lung damage in 
patients with COVID-19.

Proinflammatory cytokines whose 
levels are elevated in COVID-19 may also 
participate in positive feedforward loops 
to exacerbate lung injury. For example, 
IL-1β- mediated activation of endothelial 
cells can downregulate vascular endothelial 
cadherin (VE- cadherin) transcription, 
resulting in loss of adherens junctions that 
are critical to barrier integrity101. Meanwhile, 
IL-1β- induced IL-6 secretion can increase 
production of vascular endothelial growth 
factor, which in turn weakens the pulmonary 
endothelium through VE- cadherin 
internalization102. These events can promote 
accumulation of interstitial and alveolar 
fluid that compromises gas exchange10,103. 
Alveolar fluid accumulation — which can 
be especially devastating given the loss of 
resorptive activity from infected alveolar 
epithelium — can disrupt pulmonary 
surfactant, leading to increased alveolar 
surface tension and collapse10,104,105. Thus, 
feedback- amplified immune cell recruitment 
and cascading feedforward tissue damage 
could synergistically exacerbate lung 
injury in response to early unrestrained 
IL-1- directed proinflammatory cytokine 
release.

Virus- intrinsic mechanisms

The NLRP3 inflammasome is known 
to be activated by highly pathogenic 
coronaviruses, such as severe acute 
respiratory syndrome coronavirus 
(SARS- CoV), Middle East respiratory 
syndrome coronavirus (MERS- CoV) and 
mouse hepatitis virus27,106,107. NLRP3 is 
expressed in immune cells of both myeloid 
and lymphoid origin, but also in alveolar 
epithelial and pulmonary endothelial cells, 

where its overactivation can contribute 
to lung injury30,108–110. One mechanism of 
NLRP3 inflammasome activation involves 
K+ efflux or Ca2+ influx induced by ion- 
conductive transmembrane viral proteins 
or ‘viroporins’ (for example, ORF3a and 
envelope protein E) (Fig. 1). The SARS- CoV 
ORF3a, which is not encoded by avirulent 
coronaviruses, activates NLRP3 when 
overexpressed in monocytic cells or 
macrophages and has been linked to viral 
pathogenesis111,112. The SARS- CoV E protein 
embeds in the endoplasmic reticulum–
Golgi intermediate compartment (ERGIC) 
membranes and causes cytosolic Ca2+ influx 
to activate NLRP3 in reconstituted Vero 
epithelial cells113,114. Another mechanism 
of NLRP3 inflammasome activation 
involves direct interactions with viral 
proteins. ORF3a can interact with the 
inflammasome adaptor ASC, resulting in its 
polyubiquitylation and speck formation112,115. 
The SARS- CoV protein ORF8b, generated 
de novo by a 29- nucleotide deletion in 
the mutation hotspot of ORF8 during the 
SARS- CoV outbreak116, can also directly 
activate the NLRP3 inflammasome by 
binding the leucine- rich repeat region of 
NLRP3 to promote oligomerization and 
form insoluble aggregates that colocalize 
with NLRP3 and ASC117. Importantly,  
a study in vivo using recombinant mouse- 
adapted SARS- CoVs showed that single 
amino acid mutations of the E protein 
that suppressed ion conductivity reduced 
proinflammatory activity of the virus, 
resulting in disease recovery and mouse 
survival113,114.

SARS- CoV-2 E protein and ORF3a 
have 95% and 72% amino acid identity, 
respectively, with E protein and ORF3a 
of SARS- CoV, suggesting functional 
conservation27, while ORF8b was likely not 
conserved. Indeed, one preprint reported 
overexpression of SARS- CoV-2 ORF3a 
induced K+ efflux, NLRP3 activation and 
IL-1β release in the lung epithelial cell 
line A549 (reF.118). SARS- CoV-2 E protein 
functions as a K+- permeable cation channel, 
which lyses cells when overexpressed and 
induces ARDS- like pathology in mice119. 
Beyond these mechanisms, it is conceivable 
that SARS- CoV-2 activates inflammasomes 
by novel processes not known to occur by 
SARS- CoV. This possibility is supported 
by a recent preprint showing SARS- CoV-2 
nucleocapsid protein can directly bind 
NLRP3 to induce inflammasome assembly 
and IL-1β release in macrophages and 
dendritic cells120 (Fig. 1). Many of these 
reports relied on overexpression of 
SARS- CoV-2 proteins in cell lines, and 

of the NLRP3 and AIM2 inflammasomes84, 
and bacterial, host mitochondrial or nuclear 
DNA that gained access to the cytosol could 
trigger AIM2 activation84–87. Future studies 
should address the potential involvement of 
other inflammasome sensors in COVID-19 
and, more broadly, elucidate the mecha-
nisms behind their co- activation and com-
binatorial function. A role for GSDMD in 
COVID-19 pathogenesis is also supported 
by a preprint showing significant association 
of expression quantitative trait loci (eQTL) 
for increased GSDMD expression with 
severe COVID-19 (reF.58).

Other cell types in the lung. The fact that 
monocytes release proinflammatory 
cytokines and undergo pyroptosis by 
SARS- CoV-2 infection suggests they 
may be important drivers of cytokine 
release and severe COVID-19. It is less 
clear, however, whether other cell types 
in lung tissue such as alveolar epithelium, 
tissue macrophages and endothelial cells 
undergo pyroptosis. Histological analysis 
of COVID-19 lung samples has shown 
GSDMD expression in alveolar epithelium 
as well as NLRP3 and caspase 1 expression 
in lung vascular tissue88–90. Induction of 
inflammasome pathway components is 
also supported by in vitro experiments 
showing that SARS- CoV-2 infection of 
primary human bronchiolar epithelial cells 
upregulated IL1B expression91. Whether 
these components are actually activated 
in the lung or other involved tissues and 
how strongly they contribute to local 
and systemic inflammation remain to be 
carefully shown. Single- cell RNA analysis 
of BALF showed depletion of alveolar 
macrophages in COVID-19. These cells 
were shown to be infected by SARS- CoV-2 
in vitro and in autopsy samples, although 
their expression of the virus entry receptor 
angiotensin- converting enzyme 2 (ACE2) 
and the mechanism of viral entry are 
unclear92–96. As alveolar macrophages 
activate inflammasomes during acute 
lung injury in mice, it will be important 
to determine whether this also occurs after 
SARS- CoV-2 infection through direct 
or indirect mechanisms. Mouse studies 
that deplete alveolar macrophages before 
SARS- CoV-2 infection could address their 
relevance to lung hyperinflammation in 
COVID-19 (reF.97).

IL-1β amplification of inflammation

Inflammasome activation can be massively 
amplified by positive feedback loops to 
result in uncontrolled overactivation and 
cytokine storm. IL-1β binding to IL-1R 
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in vivo infection models are needed to 
confirm direct SARS- CoV-2- induced 
inflammasome activation in COVID-19.

Host- intrinsic mechanisms

Infection of blood monocytes with SARS- 
CoV-2 is surprising given the lack of or 
weak ACE2 expression by monocytes121, 
and suggests involvement of alternative viral 
entry mechanisms20,58. Infection of healthy 
donor monocytes in vitro was markedly 
enhanced by anti- spike antibodies or patient 
convalescent plasma, suggesting uptake 
of opsonized viral particles by monocytes 
through antibody- dependent phagocytosis58. 
Indeed, antibody depletion of patient plasma 
and blocking antibodies to the monocyte 
Fc receptor FcγRIIIa (also known as CD16) 
largely abrogated monocyte infection. 
While this finding contradicts the finding 
of another study122, it is supported by the 
observation of increased afucosylated 
antiviral antibodies seen in patients 
with severe COVID-19 (reFs123,124). The 
Fc domain of IgG antibodies contains a 
conserved N- linked glycan, and IgG lacking 
core fucosylation at this glycan has higher 
affinity for FcγRIIIa. Thus, afucosylation 
may initiate enhanced antibody- dependent 
engulfment, resulting in monocyte infection 
and inflammasome activation. Regardless of 
the viral entry route, the fact that monocytes 
are major contributors of proinflammatory 
cytokines and undergo pyroptosis following 
SARS- CoV-2 infection suggests that 
they may be important drivers of severe 
inflammation in COVID-19.

In addition to direct infection- mediated 
inflammasome activation by SARS- CoV-2, 
it is also plausible that inflammasomes 
are indirectly activated in COVID-19 
(Fig. 1). Through various mechanisms, 
including host translation inhibition, 
SARS- CoV-2 suppresses an early type I 
interferon response to allow uncontrolled 
viral replication125–127. Lysis of infected 
lung cells could secrete alarmins to activate 
inflammatory macrophages and promote 
their recruitment to the lung128. Supernatants 
from Vero E6 cells lysed by overexpression 
of SARS- CoV-2 E protein can induce IL-1β 
secretion by recipient macrophages119, likely 
through NLRP3, but also possibly other 
inflammasome sensors, such as AIM2 
and NLRC4 (reF.58). Interestingly, eQTL 
associated with increased expression of 
NLRC4 and NLRP3 were correlated with 
severe COVID-19, suggesting possible 
involvement of multiple inflammasome 
sensors in the disease58.

Host- intrinsic mechanisms activating 
inflammasomes in COVID-19 may also 

involve innate or adaptive lymphocytes. 
Cytotoxic T lymphocytes and natural killer 
cells can induce pyroptosis in infected cells 
through the delivery of granzyme A, which 
cleaves gasdermin B (GSDMB) or granzyme 
B, which cleaves GSDME, resulting in pore 
formation77,129. Given the high expression of 
GSDMB in the airway epithelium, cytotoxic 
lymphocyte- mediated killing of infected 
cells could contribute to cytokine and 
DAMP release during lung infection129,130. 
In addition, the pathogen- induced cleaved 
complement product C5a, which is highly 
abundant in BALF of patients with severe  
COVID-19, can facilitate IL-1β release in  
MERS-CoV-infected mice and can also trigger 
NLRP3 activation via a ROS- dependent 
mechanism in CD4+ T cells109,131,132.

Another, perhaps more pathologically 
relevant, ROS- dependent mechanism 
involves oxidation of the phospholipid- rich 
surfactant normally secreted by alveolar 
epithelium, which aberrantly generates 
oxidized phospholipids, potent inducers 
of ARDS in mouse infection models 
and of the noncanonical inflammasome 
(human caspase 4/5 or mouse caspase 11) 
in dendritic cells and macrophages33,133,134. 
Together, these phenomena indicate a 
complex response to DAMPs, complement 
products and local alveolar fluid to produce 
a lung microenvironment favouring 
inflammasome activation, resulting in 
inflammatory cytokine and alarmin release, 
hyperactivation of lung epithelial cells and 
tissue- resident macrophages, tissue insult via 
pyroptosis and subsequent proinflammatory 
recruitment of peripheral immune cells.

Thus, through direct, cell- autonomous 
activation by SARS- CoV-2 infection 
and/or indirect activation by DAMPs, 
inflammasome sensors such as NLRP3 
could serve as key pleiotropic drivers of 
COVID-19 pathogenesis. Compelling 
evidence supporting this idea also comes 
from bats, which asymptomatically 
coexist with coronaviruses that are highly 
pathogenic to humans. Bat peripheral blood 
mononuclear cells express a hypomorphic 
isoform of NLRP3 and thus fail to release 
IL-1β after MERS- CoV infection; however, 
this function is restored by expression of 
human NLRP3, suggesting that NLRP3 
suppression could be a potent strategy for 
reducing coronavirus pathogenicity106.

GSDMD, NETosis and coagulopathy

As in SARS- CoV and H1N1 influenza 
virus infections, SARS- CoV-2 can cause 
inflammation- directed coagulopathy, 
which may contribute to the high rates 
of venous and arterial thrombosis and 

the high mortality in COVID-19 (Fig. 2). 
Coagulopathy is marked by increased levels 
of plasma clotting markers, such as D- dimer, 
factor VIII and von Willebrand factor, 
and by abnormal prothrombin time9,135–137. 
Although proinflammatory cytokines are 
known to promote various procoagulation 
factors, they may not be sufficient for the 
dramatic systemic clot formation seen 
in some patients with severe COVID-19. 
GSDMD activation by inflammasomes 
in monocytes or neutrophils could also 
promote coagulation through multiple 
mechanisms. Inflammasome activation and 
pyroptosis can trigger massive coagulopathy 
in a cytokine- independent manner. In a 
mouse model of endotoxa emia, activation 
of inflammasome signalling via caspase 1 
or caspase 11 resulted in systemic fibrin 
deposition reminiscent of disseminated 
intravascular coagulation, a phenomenon 
that depended on GSDMD but not IL-1β or 
IL-18 (reFs138,139). GSDMD- dependent lysis 
of pyroptotic macrophages releases extracel-
lular vesicles enriched in membrane-bound 
tissue factor, a transmembrane glyco-
protein that circulates in the bloodstream 
and promotes coagulation by activating 
prothrombin138,140. Plasma extracellular 
vesicles from patients with COVID-19 
showed increased tissue factor activity, 
which also correlated with disease severity140. 
Inflammasome-induced coagulopathy can  
also involve phosphatidylserine-mediated 
activation of tissue factor. Phosphatidylserine 
is ordinarily confined to the inner membrane 
leaflet; however, Ca2+ entry through GSDMD 
pores activates the phospholipid scramblase 
transmembrane protein 16F (TMEM16F), 
which externalizes phosphatidylserine to 
enhance tissue factor activity141.

In neutrophils, GSDMD is required to 
form neutrophil extracellular traps (NETs), 
which are extruded fibrous assemblages 
of DNA decorated with antimicrobial 
proteins142–144. NETs promote coagulability 
when dysregulated during viral infections, 
which is of particular interest given massive 
neutrophil infiltration of pulmonary 
capillaries in COVID-19 (reFs145,146). The 
circulating neutrophils in the blood of 
patients with COVID-19 show increased 
basal activation of NETs, and NETs are also 
highly abundant in the lungs147–149. NETs 
recruit platelets and incorporate them into 
microthrombi. Thus, GSDMD activation 
of coagulation and NETosis could become 
dysregulated during inflammation in 
COVID-19 to contribute to the disseminated 
intravascular coagulation seen in severe 
disease. The possibility that inflammasome 
activation drives both severe inflammation 
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and coagulation in COVID-19 suggests that 
inhibiting it could be beneficial.

Clinical interventions

Inflammasome activation and IL-1β 
activity are dysregulated in many chronic 
inflammatory conditions and have been 
successfully targeted by drugs, many of 
which are currently being repurposed 
as treatments for COVID-19 (reFs28,150). 
Anakinra, a recombinant and slightly 
modified version of human IL-1RA, 
demonstrated early promise in small cohort 
studies, but clinical trials have met with 
mixed results28,150–156. One trial was stopped 
early due to lack of a significant reduction 
in ventilation requirement and mortality155. 
It is worth noting that this study recruited 
only patients with mild to moderate disease 
with a marginally elevated C- reactive 
protein level cut- off and not requiring 
admission to the intensive care unit, and 
may have excluded individuals who would 
be most responsive to anti- IL-1 therapy155. 
Similar considerations have been raised 
for other immunomodulators, such as 
dexamethasone, for which reduction in 
mortality was restricted to individuals 
receiving respiratory support14,157. Another 
trial used levels of soluble urokinase 
plasminogen activator receptor, a strong 
early predictor of severe COVID-19, 
for eligibility, and found that daily 
administration of anakinra significantly 

reduced progression to severe respiratory 
failure (hazard ratio 0.3) and 30- day 
mortality (hazard ratio 0.49)156,158.  
However, as this was a single-arm 
study, placebo-controlled randomized 
trials are needed. The mixed success of 
anti- IL-1 intervention could indicate that 
IL-1- independent effects of pyroptosis 
contribute to disease progression, which 
are beyond the reach of single cytokine 
modulation.

Multiple phase II clinical trials are 
testing direct NLRP3 inhibition in patients 
with either mild or severe COVID-19 
(Novartis, NCT04382053; Olatec 
Therapeutics, NCT04540120) (Table 1). 
In animal models, NLRP3 inhibition reduces 
cytokine release and lung inflammation 
in influenza A virus infection159, and 
the NLRP3 inhibitor MCC950 reduced 
caspase 1 activation and secretion of IL-1β 
in primary human monocytes infected 
with SARS- CoV-2 in vitro52. Another 
inhibitor of NLRP3, the sulfonylurea 
diabetes drug glyburide, reduced IL-6 
secretion by SARS- CoV-2- infected human 
monocytes65. These data suggest that NLRP3 
inhibition may be a superior strategy 
against COVID-19 in comparison with 
IL-1 inhibition. Indirect NLRP3 inhibition 
is also being tested by administration 
of the microtubule- depolymerizing 
drug colchicine, which among its other 
effects is a well- tolerated inhibitor of 

inflammasome formation160,161. A small 
randomized controlled trial in patients with 
moderate to severe disease demonstrated its 
ability to reduce oxygen requirement and 
hospitalization; in this study, low overall 
mortality precluded a determination of its 
effect on death162. Another study showed 
that patients with COVID-19 treated with 
colchicine had a significantly decreased 
rate of hospitalization or death combined, 
although neither the rate of hospitalization 
nor the rate of death was significantly 
reduced on its own and the study has not 
yet been peer reviewed163. The diabetes drug 
metformin indirectly inhibits NLRP3 by 
regulating mTOR, and its use is significantly 
associated with reduced mortality among 
patients with COVID-19 and type 2 
diabetes. Metformin was also recently 
shown to inhibit NLRP3 activation and lung 
inflammation in SARS- CoV-2- infected 
mice164,165.

GSDMD is another attractive target as 
pore formation occurs downstream of all 
inflammasome sensors but upstream of 
IL-1β and DAMP release166. Two known 
small- molecule drugs have recently been 
described to inhibit GSDMD. Disulfiram 
(DSF), a drug approved by the US Food and 
Drug Administration (FDA) for alcohol 
dependence used for 70 years, inhibits 
GSDMD pore formation by covalently 
modifying Cys191 and protects against 
LPS- induced sepsis and inflammatory 
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Fig. 2 | Mechanisms of inflammasome-driven COVID-19. IL-1β released 

by inflammasome signalling activates monocytes, which secrete IL-6, 

tumour necrosis factor (TNF) and IL-8. These cytokines cause inflammation 

through various mechanisms, including recruitment of neutrophils to the 

lung. Gasdermin D (GSDMD) activation in neutrophils leads to the for-

mation of neutrophil extracellular traps (NETs), which can recruit platelets 

and promote hypercoagulability. IL-1β and IL-6 can downregulate adherens 

junctions in endothelial cells, which increases their permeability and  

could contribute to coagulation in the lung vasculature. Tissue factor- 

positive extracellular vesicles (EVs) released by pyroptotic monocytes  

can also directly activate the clotting cascade and promote coagulation  

in COVID-19.
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cytokine secretion in mice167. Dimethyl 
fumarate (DMF), an FDA- approved 
therapeutic for multiple sclerosis, as well 
as fumarate, the endogenous Krebs cycle 
intermediate related to DMF, was recently 
shown to inhibit GSDMD168. Interestingly, 
a case series of several patients with multiple 
sclerosis being treated with DMF showed 
that their SARS- CoV-2 infection was 
self- limiting without their receiving any 
specific treatment169, and an observational 
study using a large health- care database 
revealed a significantly reduced risk of 
SARS- CoV-2 infection and no death in the 
group using DSF for alcoholism compared 
with a control group, but this study has not 
been fully peer reviewed170. DSF is currently 
being studied in two controlled phase II 
clinical trials that are testing efficacy in 
mild to moderate disease (NCT04485130) 
as well as in patients who are hospitalized 
(NCT04594343) (Table 1). Similarly, DMF 
is being tested in a randomized open- label 
trial for its effect in preventing death in 
patients with COVID-19 (NCT04381936) 
(Table 1). Both DSF and DMF may also 
confer beneficial effects in treating 
COVID-19 through their antiviral activities. 
DSF can weakly inhibit the SARS- CoV-2 
MPro polyprotein protease171. Patients with 
COVID-19 showed suppressed nuclear 

factor erythroid 2- related factor 2 (NRF2) 
antioxidant gene expression. The NRF2 
agonists 4- octyl itaconate (a cell- permeable 
itaconate derivative) and DMF both activate 
an NRF2- dependent antiviral programme to 
inhibit replication of SARS- CoV-2 in lung 
epithelial cell lines172,173.

An important issue when one is 
considering anti- inflammatory drugs is 
when is the best time to intervene. Early on, 
inflammation promotes the development of 
protective adaptive immunity by recruiting 
immune cells to the site of infection and 
activating their expansion and protective 
functions, and intervening too early may 
interfere with the development of effective 
immunity. Later on, the feedforward 
mechanisms take over, and interventions 
may not be able to control the explosive 
amplification of inflammation and its 
dangerous consequences. Therefore, the 
‘sweet spot’ may be when signs of pulmonary 
distress are just beginning to become 
apparent (for example, a slight decrease in 
blood oxygenation, mild dyspnoea and early 
evidence of pneumonia on chest X- ray). 
The caveat is that most patients with mild 
symptoms do not go on to develop severe 
disease, and detecting an improvement in 
severe disease end points would require 
large numbers of study participants. 

Overall, the timing of treatment and proper 
patient stratification will be important 
parameters for identifying whether 
inflammasome- inhibiting interventions  
and anti- inflammatory drugs in general  
are beneficial.

Concluding remarks

Recent data support inflammasome 
involvement in severe COVID-19, through 
either direct infection- mediated activation 
or indirect DAMP- mediated activation. 
A protective role of inflammasome signalling 
and IL-1β release has been demonstrated 
against multiple pathogens, particularly 
in the acute phase of the infection174–176. 
However, its prolonged late- stage activation 
may underlie immunopathology, including 
overexuberant cytokine release, damage to 
pulmonary endothelium accompanied by 
infiltration of immune cells and systemic 
hypercoagulability. Whether inflammasome 
signalling is protective in the context of early 
SARS- CoV-2 infection awaits further study 
using in vivo disease models, and the timing 
of treatment with inflammasome inhibitors 
may be critical.

It is also worth cautioning that NLRP3 is 
a promiscuously activated sensor of infection 
and stress and its chronic activation 
does not generally lead to the severe 
inflammation seen in some patients with 
COVID-19 (reF.30). The variability in disease 
course could be related to the extent or 
dissemination of inflammasome- activating 
stimuli, the site of inflammation or 
the cell type that is inflamed. Indeed, 
classic experiments in rats show that 
overexpression of IL-1β specifically in the 
lungs is sufficient to recapitulate many of 
the phenotypes of ARDS177. Differences 
in inflammasome- induced pathology 
could also be explained by negative 
regulatory mechanisms that limit feedback 
amplification downstream of chronic 
inflammasome signalling. Simultaneous 
activation of inflammasomes and inhibition 
of negative regulatory mechanisms that 
suppress inflammasomes could produce 
severe uncontrolled inflammation. Of note, 
the feedback mechanisms that suppress and 
terminate inflammasome activation are still 
poorly understood.

Future studies need to address the mutual 
inhibition of type I interferon signalling 
and inflammasome activation and how the 
interplay between the two innate immune 
signalling systems could contribute to 
COVID-19 severity (Fig. 3). These two 
principal innate immune responses often 
antagonize each other by mechanisms that 
are not completely understood, and what 

Table 1 | Ongoing and planned clinical trials of inflammasome pathway inhibition  
in COVID-19

Trial Type, size and 
inclusion

Intervention and end points

Targeting NLRP3

Novartis DFV890 
(NCT04382053)

Multicentre, 
randomized, 
controlled; 
143 participants

Administered for 14 days in addition to 
standard of care; day 15 APACHE II severity  
or day of discharge

Olatec Therapeutics 
Dapansutrile 
(NCT04540120)

Randomized, 
double blind, 
placebo controlled; 
80 participants

Initial dose of 8 × 250 mg on first day;  
4 × 250- mg capsules for 14 days; proportion 
of participants with clinical deterioration 
at day 15, defined as COVID-19- related 
hospitalization or both worsening shortness 
of breath and oxygen saturation less than 92% 
on room air

Targeting gasdermin D

University of California, 
San Francisco Disulfiram 
for COVID-19 (DISCO) 
trial (NCT04485130)

Randomized, dose 
escalation, placebo 
controlled, double 
blind; 60 participants

1,000 mg per day for 5 days or 2,000 mg per 
day for 5 days; plasma levels of IL-1β, IL-6 and 
other cytokines at 31 days

ETICA Disulfiram 
(NCT04594343)

Randomized, 
double blind, 
placebo controlled; 
200 participants

500 mg per day for 14 days; plasma IL-18 level 
at day 7

University of Oxford 
RECOVERY trial 
Dimethyl fumarate 
(NCT04381936)

Randomized, open 
label

120 mg every 12 hours for 2 days and 240 mg 
every 12 hours for 8 days; mortality 28 days 
after randomization

APACHE II, acute physiology and chronic health evaluation II.
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determines which response dominates 
in many situations is not completely 
clear178–180. SARS- CoV-2 infection 
inhibits early interferon signalling, while 
activating inflammasome signalling52,58,91. 
Loss- of- function mutations in type I 
interferon pathway genes and autoantibodies 
to type I interferons are associated with  
severe COVID-19 (reFs181,182), and age further 
dampens type I interferon responses183. The  
virus- intrinsic and host-intrinsic dampening 
of the interferon response in SARS- CoV-2 
infection should compromise antiviral 
immunity but may also contribute to 
unrestrained cytokine release by removing 
this negative regulator of inflammasome 
activity. Unbridled inflammasome activation 
can drive severe disease complications. 
For example, type I interferon- deficient 
mice that lacked inflammasome activity 
were less susceptible to influenza virus 
infection- associated complications 
despite having similar viral titres184,185. 
Early administered recombinant type I 
interferon might not only restore an 
innate antiviral immune response to 
better control SARS- CoV-2 but might 
also simultaneously restrain subsequent 
hyperinflammation. However, clinical 
trials have not yet demonstrated a clear 
benefit from type I interferons. While 
effective and specific antiviral drugs should 
do even better than immunomodulating 
drugs, only one antiviral drug has been 
approved186. Nonetheless, overactivation of 
inflammasome signalling and pyroptosis 
are increasingly likely drivers of COVID-19 
pathogenesis, and controlled clinical studies 

to evaluate drug repurposing to suppress 
inflammation are needed.
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